We investigated transparent conducting aluminium-doped zinc oxide thin films fabricated by atomic layer deposition (ALD). For the thermal ALD, diethylzinc and trimethylaluminium were used as the Zn and Al precursors, respectively. The electrical, structural and optical properties were systematically investigated as functions of the Al doping contents and deposition temperature. The best resistivity and transmittance (4.2 m cm and ∼85%) were observed at an Al doping concentration of about 2.5 at% at 250
Introduction
Recently, there has been enormous interest in the technological realization of the next generation of see-through transparent electronics such as transparent thin-film transistors (TFTs) and organic light-emitting diodes (OLEDs) and photovoltaics [1] [2] [3] . To use transparent conducting oxides (TCOs) as transparent electrodes in these devices, a high transmittance (>80%) in the visible region and a low resistivity of the order of ∼10 −3 cm are required [4] .
Indium tin oxide (ITO) is currently used for most TCO applications, because of its good electrical and optical properties, e.g., a low resistivity of (1-2) × 10
cm and high transmittance of >85% [5] . However, ITO has some drawbacks, such as the high cost of indium, and its lower wet etch rate compared with ZnO or gallium indium zinc oxide (GIZO) can lead to damage in the active layer [6] . Therefore, alternative TCO materials having similar or better properties are needed [6] . To overcome these undesirable properties, aluminium-doped zinc oxide (Al : ZnO) has become one of the candidates for TCO applications, since it exhibits comparable physical properties to those of ITO, such as a low electrical resistivity of ≈10 −3 cm and high optical transparency of >80% [6, 7] .
Additionally, the need for a low deposition temperature has encouraged the development of a new deposition technique for use in flexible displays and solar cells. To date, transparent conducting Al-doped ZnO films have been fabricated using several deposition techniques, such as chemical vapour deposition, reactive magnetron sputtering, electron-beam evaporation and pulsed laser deposition [8] [9] [10] . However, impurity-doped ZnO films usually have some limitations in terms of the dopant distribution and electrical instability, because fine control of the dopant concentration. For the purpose of improving the quality of the film, atomic layer deposition (ALD) has been used as a versatile film growth technique, because it enables the growth of uniform and high quality thin films on large areas at low processing temperatures with the precise control of the thickness and composition, as compared with other techniques. In addition, if the conditions of the ALD process, such as the precursor exposure time, and the exposure ratio between the precursors are controlled, the growth rate can be reliable and accurately controlled due to the intrinsically self-limiting growth mechanism [11] . In spite of these advantages, Al-doped ZnO deposited by ALD has rarely been studied. In previous studies, the growth conditions [12] and doping mechanism [13] of ZnO : Al deposited by ALD were studied. Herein, we report on the microstructure, electrical and optical properties of Al-doped ZnO films prepared by ALD. These properties depend on several factors, including the deposition temperature, the Al 2 O 3 : ZnO cycle ratio and the trimethylaluminium (TMA) exposure time. For the in-depth study of the properties of the deposited film, the deposition temperature and Al concentration were varied.
Experimental procedures
A homemade ALD system was employed for the deposition of Al-doped ZnO films on Si substrates at substrate temperatures ranging from 60 to 250
• . Diethylzinc (DEZ) and trimethyl aluminium (TMA) were used as the metal precursors and water vapour without bubbling was used as a reactant. N 2 was used as both the purging and carrier gases, whose inlets were separated on the side of the chamber. The N 2 flow rate was controlled by a mass flow controller (20 sccm for DEZ bubbler for purging).TMA was used at room temperature without a carrier gas because of its high vapour pressure. A typical ALD growth sequence for the ZnO layers is composed of exposure to DEZ for 0. spectral ellipsometer (SE). The electrical resistivity, carrier concentration and Hall mobility were investigated by means of a Hall-effect measurement system. The microstructure of the films was studied by x-ray diffraction and transmission electron microscopy (TEM). Also, their composition and binding structure were investigated by a Rutherford backscattering system (RBS) and x-ray photoelectron spectroscopy (XPS), respectively. The transmittance was observed by ultravioletvisible spectroscopy (UV-VIS). Figure 1 shows the growth rates of ZnO and Al 2 O 3 deposited by ALD at various growth temperatures from T s = 60-250 • C. In both cases, a decrease in the growth rate was observed in the low temperature region. These growth characteristics were already observed in the case of ZnO [14] and Al 2 O 3 [15] deposited by ALD using DEZ and TMA with H 2 O as the reactants. This seems to be the typical behaviour for ALD oxides deposited from an alkyl precursor and water. The growth rate decreases with decreasing growth temperature, probably due to the incomplete surface reaction caused by the low growth temperature [16] . However, in the higher temperature region, the growth rates remained almost constant, indicating the existence of a process window. At temperatures over 150
Experimental results
• , the saturated growth rates of Al 2 O 3 and ZnO were about 1.2 Å/cycle and 1.7 Å/cycle, respectively.
From the value of growth rate, the doping concentration control of Al into the ZnO films could be achieved by alternately performing various numbers of ZnO ALD cycles and 1 ALD cycle of Al 2 O 3 . For example, to deposit the Al : ZnO film containing 2.5 at% of Al, the numbers of ZnO and Al 2 O 3 ALD cycles were 30 and 1, respectively. The number of ALD cycles was controlled for the deposition of the 1, 2.5, 4, 8 and 12 at% Al : ZnO films. The exact film compositions were determined by RBS and simulation by the Rump program [17] . 12.62 at%, respectively. Thus, these results indicate that the Al doping concentration was successfully controlled by modulating the numbers of ALD cycles of ZnO and Al 2 O 3 by considering the growth rate. The inhomogeneous films should be deposited by ALD supercycle using delta doping of the Al 2 O 3 layer. However, the layered structure cannot detect the depth profile analysis technique such as an Auger electron spectroscopy (AES) due to low Al contents and too short interval of Al 2 O 3 layer. The film resistivity shows a parabolic behaviour as a function of Al concentrations. At 250
• deposited samples, the resistivity of ZnO is 7 m cm and then reduce with Al doping. At 2.5 at% of Al, the resistivity shows minimum value (≈4.2 m cm) and highest resistivity was observed at 12.5 at% of Al (≈145 m cm). Figure 3 shows the dependence of the carrier concentration and Hall mobility on the Al concentration and growth temperature in the ranges from 0 at% to 14 at% and 150
• to 250
• , respectively. The carrier concentration of the Al : ZnO film initially increased with increasing Al doping content up to 2.5 at% at these three temperatures, exhibiting maximum carrier concentrations of 2.6 × 10 19 cm −2 -3.5 × 10 19 cm −2 . This tendency is identical to the direction of the mobility in figure 3(b) . The carrier concentrations of Al-doped ZnO from other research groups were usually measured in the range 10 20 -10 21 cm −3 , which are larger value than that of ours. These disagreements would be related to the deposition mechanism. Generally, the ALD method showed thin films with lower defect density such as oxygen vacancy and Al interstitial atom than that of PVD methods, widely used for Al-doped ZnO deposition. Also, it was induced by selfsaturated surface reaction without any deposition damages, whereas PVD can make physical damage as well as low reactivity compared with ALD [18] . Furthermore, the doping as Al 2 might be that the low oxygen vacancy formation would induce in a low carrier concentration. For accurate band gap determination, the spectroscopy ellipsometry (SE) was performed and the results were summarized in table 1. It was observed that the optical band gap of the AZO thin films changed from about 3.2 to 3.55 eV as the Al doping concentration increased from 0 at% to 12.5 at%, respectively. The ideal band gap of pure ZnO is 3.2 eV [19] and that of Al 2 O 3 is 8.7 eV [20] .Thus, the increase in the band gap with increasing at% Al is to be expected. However, in the low Al concentration (<3 at%), almost the same band gap values were observed. Figure 4 shows the transmittance data. The transmittance value of 2.5 at% of Al : ZnO thin films was observed almost 85%. Also the transmittance value increases with increase in Al concentration. This is related to band gap enhancement which is the same results as SE results.
Then, the effects of the Al doping concentration and deposition temperature on the structural properties were investigated by XRD and TEM. Figure 5 spectra for the six kinds of films (undoped ZnO, 1, 2.5, 4, 8 at% and 12.5 at% Zn : Al films). The undoped ZnO films showed a predominantly (0 0 2) oriented peak and the Al doping seemed to have little effect on the crystallographic orientation. In addition, the peak intensity slightly increased as the Al doping concentration increased up to 4 at%. However, the peak was significantly reduced at high Al doping concentrations over 4 at%. It would appear that a high Al doping concentration gives rise to low crystallinity. Figures 5(b) , (c) and (d) show the plane view TEM images of three selected samples (undoped ZnO, 2.5 at%, and 12.5 at% Al : ZnO films). It is recognized that all of the as-deposited films are polycrystalline. From figure 5(b) , it can be seen that the ZnO grain is not fully crystallized. The grains show a very fine grain size with a small amorphous-like region, while the 2.5 at% Al : ZnO film is almost fully crystallized ( figure 5(c) ). This can explain the relatively weaker (0 0 2) peak of the ZnO thin film than that of the 2.5 at% Al : ZnO film in figure 5(b) . In the selective area diffraction pattern in the inset, the improvement of the crystallinity is confirmed by the clear presence of a ring pattern. From these results, it can be speculated that small concentrations of Al can reduce the energy of crystal formation. Figure 5 However, the previous study shows the Al-doped ZnO ALD would form the metastable (ZnO) 3 (Al 2 O 3 ) phase [23] . Also, Yoshioka et al shows the metastable phase was formed even 48 at% of the Al-doped ZnO deposition process [24] . Thus, we can infer that the amorphous region can be amorphous supersaturated ZnO-AlO phase rather than Al 2 O 3 segregation region. Also, figure 7(a) shows the temperature dependence of the Al-doped ZnO thin films at 2.5 at% of Al. As the deposition temperature was increased, the (0 0 2) peak intensity increased.
From these data, we can speculate that the best crystallinity can be obtained at 2.5 at% of Al and a deposition temperature of 250
• . Figures 7(b) and (c) show the plane view TEM images of the 2.5 at% Al : ZnO films deposited at 150
• and 250
• , respectively. In these images, small crystalline regions are observed in the case of the film deposited at 150
• . Thus, a low deposition temperature can induce poor crystallinity, even at the same Al doping concentration.
Discussions
Based on the results obtained concerning the carrier concentration, the initial increase in mobility is mainly due to the donor-like behaviour of the Al dopants. In the case where a small amount of Al doping is used, the Al 3+ ions tend to be incorporated at substitutional or interstitial sites. In contrast with a low level of incorporated Al, the addition of an excessive amount of Al can cause the formation of non-conducting Al 2 O 3 clusters, which act as carrier traps rather than electron donors, resulting in a decrease in the carrier concentration and increase in the resistivity [10, 25] . The Hall mobility in figure 3(b) gradually decreased with increasing Al content, which was associated with ionized impurity scattering. It is believed that the Al dopants in the films can produce ionized impurity scattering centres, as well as conduction electrons [25] . The deposition temperature also affected the carrier concentration and mobility. From figures 3(a) and (b), increasing the deposition temperature induced an increase in the carrier concentration and mobility. This can be explained by the effective field model of layered structures [13] . According to this model, the Bohr radius of ZnO is approximately 14 Å. Because the donated electrons have an orbit with this radius, the repulsion force between electrons belonging to adjacent donors at this radius can suppress the donation of additional electrons. The Coulomb repulsion force between adjacent charged donors may also cause a decrease in the carrier concentration in the same manner. As the deposition temperature is increased, more Al can diffuse into the ZnO layer and dopant produced. However, at a low deposition temperature, a small amount of donated electrons would be generated due to a short length of Al diffusion. Although the same number of ZnO : Al 2 O 3 cycles was used at the low growth temperature, the short interval of dopant atom cannot generate the carrier due to Coulomb repulsion force between adjacent charged donors.
The above description can explain the reduction in the carrier concentration at a high Al doping level and low deposition temperature. However, it cannot explain the changes in the mobility at a low Al doping level. Thus, the trends of the electrical properties at a low Al doping level under 2.5 at% need to be explained. The possible causes of the mobility changes are the band gap, grain boundary and carrier concentration for percolation conduction. In the UV-VIS data, no correlation was observed between the band gap and mobility, because the band gap was enhanced at all of the Al concentrations, while the mobility showed a maximum value at an Al concentration of 2.5 at%. Therefore, the band gap cannot be the reason for the change in the mobility. According to previous reports, when the film is very thin (below 700 nm), the scattering frequency should be dominated by grain-boundary scattering, which is related to the grain size rather than ionized impurity scattering [25] . From the TEM image, the average grain sizes of the 0, 2.5 and 12.5 at% Al : ZnO films are about 13 Å, 17 Å and 5 Å, respectively. Thus, this indicates that a large grain size can induce a high mobility. Figure 8(a) shows the average grain size and error bar as a function of the mobility of the thin film. The charge transport mechanism in polycrystalline films gives rise to the following expression for the mobility µ [26] :
where L is the grain size, E b is the barrier height across the grain boundary, m * e is the effective mass of the carriers and q is the electron charge. According to equation (1), the relation between the mobility and grain size should be linear. However, in figure 8(a) , the grain size and mobility are not observed to have a linear relation. Therefore, grain size cannot dominantly affect the mobility change in this Al : ZnO system. From equation (1), the other variable of the grain-boundary scattering mechanism is E b which is an important scattering source for the crystalline TCO thin films [27] . However, in these experiments, coexistence of a large amorphous region in the case of high Al concentration and low deposition temperature can make difficult the definition of E b because the amorphous region did not have grain boundary. Thus, one should consider the grain-boundary scattering mechanism as well as the grain size effect.
In figures 3(a) and (b), the mobility shows the same variation with the carrier concentration. On the other hand, as the carrier concentration increases, the mobility also increases. This is a different trend from metals or semiconductors, • . Plane view TEM image for 2.5 at% Al-doped ZnO films at growth temperatures of (b) 150
• and (c) 250
• . The insets of (b) and (c) are the selective area diffraction pattern.
because increasing the carrier concentration can reduce the mobility by enhancing the scattering. strongly depends on the carrier concentration. A linear relation between the mobility and carrier concentration was previously observed in disordered systems as evidence of variable range hopping conduction or percolation conduction [28, 29] . This relation can be explained by the reduction in the energy barrier for hopping at neighbouring sites caused by the increase in the carrier concentration. The relationship between mobility and carrier concentration by the hopping conduction in the disordered system is described by this equation [30] . At high carrier concentrations
Here, υ ph is frequency of the phonons associated with the hopping process, α is the inverse of the Bohr radius, which is related to the overlap of the wave functions of the two hopping states, R 0 is the hopping distance and k B is the Boltzmann constant. Finally, N F is the density of states near the Fermi energy. From equation (2), the mobility shows the relation:
(A is constant). Thus, the relation of log µ ∝ A log N F (A is constant) should be observed and figure 8(b) shows such a relation. This indicates that the mechanism underlying the change in the mobility of Al : ZnO is related to percolative or hopping conduction rather than grain-boundary scattering. However, the grain boundary scattering is generally accepted as the scattering mechanism in the TCOs. This difference would be related to amorphous/crystalline mixture thin film as shown in figures 5(d) and 7(c). The percolative transport was dealt with modelling on a mixture of highly (crystalline AZO) and lowly (amorphous AZO) conducting phases like these Al : ZnO films [31] . Also, previously, the modelling of crystalline and amorphous mixture phases of ITO was used as the percolation model [32] . Thus, in the mixture of amorphous and crystalline Al-doped ZnO thin films, the percolative conduction or variable range hopping conduction might be one of the possible dominant conduction mechanisms.
Conclusions
The structural and electrical properties of ALD-AZO films were investigated using XRD, TEM and a Hall measurement system.
The best properties were observed at an Al concentration of about 2 at% at all of the deposition temperatures. Also, an increase in the carrier concentration was observed with increasing deposition temperature and doping concentration. This can be explained by the effective field model of layered structure, which is related to the increase in Al atom diffusion and dopant concentration. However, a low deposition temperature will induce Al 2 O 3 clustering, due to the shortening of the diffusion length and suppression of carrier generation. The mobility appears to depend primarily on the carrier concentration rather than on the grain size and crystallinity. This indicates that the Al : ZnO film including amorphous/cyrstalline mixture phases is dominated by percolative conduction or variable range hopping conduction mechanism. These results provide important insights into the basic electron transport properties of Al-doped ZnO thin films and their applications.
